The discovery of a persistent radio source coincident with the first repeating fast radio burst, FRB 121102, and offset from the center of its dwarf host galaxy has been used as evidence for a link with young millisecond magnetars born in superluminous supernovae (SLSNe) or long-duration gamma-ray bursts (LGRBs). A prediction of this scenario is that compact radio sources offset from the centers of dwarf galaxies may serve as signposts for at least some FRBs. Recently, Reines et al. (2019) presented the discovery of 20 such radio sources in nearby (z 0.055) dwarf galaxies, and argued that these cannot be explained by emission from H II regions, normal supernova remnants, or normal radio supernovae. Instead, they attribute the emission to accreting wandering massive black holes. Here, we explore the alternative possibility that these sources are analogs of FRB 121102. We compare their properties -radio luminosities, spectral energy distributions, light curves, ratios of radio-to-optical flux, and spatial offsets -to FRB 121102, a few other well-localized FRBs, and potentially related systems, and find that these are all consistent as arising from the same population. We further compare their properties to the magnetar nebula model used to explain FRB 121102, as well as to theoretical off-axis LGRB light curves, and find overall consistency. Finally, we find a consistent occurrence rate relative to repeating FRBs and LGRBs. We outline key follow-up observations to further test these possible connections.
INTRODUCTION
Fast radio bursts (FRBs) are millisecond-duration pulses of coherent radio emission with dispersion measures (DMs) well in excess of the Milky Way contribution, indicative of an extragalactic origin. The sources responsible for producing FRBs remain a topic of debate in large part due to the paucity of well localized events (e.g., Eftekhari & Berger 2017) , as well as to the fact that some FRBs are known to repeat (Chatterjee et al. 2017; CHIME/FRB Collaboration et al. 2019 ), while others appear as (so far) single events.
The discovery of the first repeating FRB (FRB 121102) enabled the first precise localization, leading to the identification of a low metallicity dwarf host galaxy at z = 0.1927 and an associated persistent radio source (Chatterjee et al. 2017; Tendulkar et al. 2017; Marcote et al. 2017) . The properties of the event and its environment have led to the suggestion that FRBs may be produced by young millisecond magnetars formed in SLSNe or LGRBs (Metzger et al. 2017; Murase et al. 2016; Piro 2016) . This scenario can explain the burst repetitions, the low metallicity host environment (characteristic of SLSNe and LGRBs), and the quiescent radio source (a remnant of *NASA Einstein Fellow the explosion). The recent localizations of three apparently single FRBs to more massive galaxies (Bannister et al. 2019; Prochaska et al. 2019; Ravi et al. 2019) suggest that a sizable fraction of FRB-producing magnetars could possess different formation channels, either some ordinary supernovae or, in the case of an old stellar population, binary neutron star mergers or the accretion-induced collapse (AIC) of a white dwarf .
Nevertheless, if some FRBs are produced by millisecond magnetars from SLSNe or LGRBs, then compact radio sources offset from the centers of dwarf galaxies may serve as signposts of these sources. Indeed, a search for such sources (Ofek 2017) has led to the identification of the luminous, decades-long radio transient FIRST J141918.9+394036 (hereafter, J1419+3940; Law et al. 2018) . While a connection to FRBs has not been confirmed for this source, its energetics and properties are consistent with an LGRB afterglow or magnetar wind nebula origin.
A similar search for FRBs and persistent radio emission from the locations of known SLSNe has led to the discovery of a radio source coincident with PTF10hgi nearly a decade after explosion (Eftekhari et al. 2019) . The luminosity and age of this source are consistent with central engine powered emission (a magnetar nebula or an off-axis afterglow; Eftekhari et al. 2019; Law et al. 2019) .
Recently, Reines et al. (2019) (hereafter, R19) identified a sample of compact radio sources in nearby (z 0.055) dwarf galaxies with appreciable offsets from the optical galaxy centers. They rule out H II regions (i.e., star formation), normal SN remnants, and normal radio SNe as the source of the radio emission, and instead suggest that these sources are powered by accreting massive black holes. Here we explore the alternative possibility that these sources are analogs of FRB 121102 (as well as possibly J1419+4930 and PTF10hgi) using all available information (from R19 and additional data) about the radio luminosities, spectral energy distributions, time evolution, ratio of radio-to-optical emission, and spatial offsets, as well as the expected number of such compact radio sources based on the R19 search. We find consistency in all of these properties thus warranting consideration that they share a common origin.
The structure of the paper is as follows. We discuss the sample of radio sources, as well as additional radio observations of each source that we compiled from various existing surveys and catalogs in §2. In §3 we compare the properties of the sources to FRB 121102 and other relevant sources. We explore theoretical models of off-axis jets and magnetar nebula emission in §4. In §5 we compare the observed occurrence rate of the compact radio sources in dwarf galaxies from the R19 study to the FRB source density and LGRB rate. We conclude with a discussion of follow-up observations in §6.
2. SOURCE SAMPLE AND DATA 2.1. Source Sample R19 observed 111 nearby (z 0.055) dwarf galaxies with the Karl G. Jansky Very Large Array (VLA) to search for radio emission at 9 GHz (X-band). The sources were selected by cross-matching Sloan Digital Sky Survey (SDSS) dwarf galaxies (M * 3 × 10 9 M ) with the VLA Faint Images of the Radio Sky at Twenty-centimeters (FIRST) survey (Becker et al. 1995) . They detected a total of 48 compact radio sources towards 39 of the 111 targeted galaxies. Among the 48 radio detections, R19 conclude that 20 of the sources are consistent with emission from accreting black holes within the host galaxies. Here we consider all of these 20 sources, of which 13 are located in confirmed dwarf galaxies (based on redshifts and stellar masses; Sample A in R19) while the remaining 7 do not have reliable redshifts due to insufficient spectra and/or photometry (Sample B in R19); see Table 1 . Among the 13 confirmed dwarf galaxies, in all but one case (J0906+5610), emission line diagnostics do not indicate an active galactic nucleus (AGN) origin, as the sources fall within the star forming region of the BPT diagram (Baldwin et al. 1981) ; as noted in R19, this may not be unexpected for low metallicity galaxies. Finally, among the 7 sources without reliable redshifts, R19 consider J0854−0240a and J0854−0240b to comprise a candidate dual AGN.
Additional Archival Radio Data
We collected additional radio data for each of the 20 sources at 3 GHz (S band) from the new VLA Sky Survey (VLASS; Lacy et al. 2019) . VLASS commenced observations on 2017 September 15 with a typical root-mean-square sensitivity of about 120 µJy per epoch and with an angular resolution of about 2.5 . Quick-look image products are made available within two weeks of observations. We extracted flux densities at the source positions from these images using the imtool function within the pwkit 1 (version 0.8.20) software package .
We also searched the locations of the 20 sources in the NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ) catalog, with observations carried out at 1.4 GHz (L-band) between September 1993 and October 1996 with a completeness limit of about 2.5 mJy.
Finally, we searched archival VLA data 2 , as well as NASA's SkyView facility 3 for additional radio detections across a range of surveys and catalogs ( Table 2) . We find a 1.5 GHz Stripe 82 VLA (13B-272) detection for J0106+0046 (2008 September) with a flux density of 1.93 ± 0.10 mJy; J1200-0341 is detected at 1.4 GHz (AG0644; 2003 February 16) with 7.9 ± 1.3 mJy; J1136+2643 and J1220+3020 are not detected in archival VLA images covering their locations at 1.5 GHz (AJ0108, AB0506; UT 1984 May 25, 1988 July 12) with 3σ limits of about 0.7 mJy; and J0134-0741 is detected in the GMRT 150 MHz Allsky Radio Survey with 46.0 ± 8.1 mJy (2011 November 1).
For each of the 20 sources we determine a minimum age based on a detection in either the NVSS or FIRST surveys. We find that the minimum ages span 8.5 − 26.5 yr, with a median age of 25.5 yr. We use this information in §4 to investigate the viability of off-axis GRB and magnetar wind nebula models.
COMPARISON TO THE FRB 121102 PERSISTENT RADIO SOURCE
Here we compare various properties of the 20 compact radio sources from R19 to those of the persistent radio source associated with FRB 121102, the non-detections of persistent radio emission from three additional well-localized FRBs (Bannister et al. 2019; Prochaska et al. 2019; Ravi et al. 2019) , the late-time radio source associated with the SLSN PTF10hgi (Eftekhari et al. 2019) , and the radio transient J1419+3940 (Law et al. 2018) . We focus on the radio luminosities, SEDs, and light curves, the ratio of radio-to-optical flux, and the spatial offsets relative to the host galaxy centers.
Radio Luminosities
In Figure 1 we plot the 9 GHz spectral luminosities of the 20 radio sources from R19 in comparison to detections and limits for well-localized FRBs, PTF10hgi, and Figure 1 : Radio spectral luminosities versus spatial offsets for the 20 compact radio sources from R19 (red circles). Also shown for comparison are the detected radio sources associated with FRB 121102 (Tendulkar et al. 2017 ), PTF10ghi (Eftekhari et al. 2019) , and J1419+3940, for which we plot the range of luminosities that span the 22 year light curve (Law et al. 2018) . We also plot 3σ upper limits on the radio luminosity of several other localized FRBs, of which one has a well-determined offset (FRB 180924) and the other two (FRBs 181112 and 190523) allow a wide range of offsets. The gray and blue shaded regions correspond to the range of offsets for LGRBs and SLSNe, respectively, with median offsets of ≈ 1.3 and 1 kpc (Lunnan et al. 2015; Blanchard et al. 2016 ), although we note that the range of luminosities shown for SLSNe is not representative of the population, as no SLSNe have been detected in the radio to date, with the possible exception of PTF10hgi. For two sources from the R19 sample (J0049−0242 and J1226+0815) we plot upper limits on the offsets based on the resolution of the VLA X-band observations (0.25 ) since R19 report zero offset.
J1419+3940. The R19 sources span a luminosity range of L ν ≈ 5 × 10 26 − 10 29 erg s −1 Hz −1 , with a median value of ≈ 1.1 × 10 28 erg s −1 Hz −1 . The upper end of the luminosity distribution is comparable to the luminosity of the FRB 121102 persistent source, with 1.6 × 10 29 erg s −1 Hz −1 at 10 GHz. For the 3 additional well-localized (but thus far apparently non-repeating) FRBs, the 3σ limits on the luminosity of an associated persistent radio source are about 5 × 10 28 (6.5 GHz; FRBs 180924, Bannister et al. 2019) , 10 29 (6.5 GHz; FRB 181112, Prochaska et al. 2019) , and 4 × 10 30 erg s −1 Hz −1 (3 GHz; FRB 190523, Ravi et al. 2019 ). These limits are consistent with the distribution for the R19 sources.
Similarly, the range of luminosities is also consistent with the radio emission from PTF10hgi, with 1.1×10 28 erg s −1 Hz −1 (6 GHz; Eftekhari et al. 2019) , and the radio transient J1419+3940, which spans ≈ 8.5 × 10 27 − 2 × 10 29 erg s −1 Hz −1 (1.4 GHz; Law et al. 2018) over the time period of about 22 years spanned by its light curve.
Thus, in terms of radio luminosity we find overall consistency between the R19 sample and our comparison sample of FRBs, PTF10hgi, and J1419+3940.
Spectral Energy Distributions
In Figure 2 we compile the radio SEDs for the 20 sources from R19 using 1.4 GHz flux densities from FIRST, 3 GHz flux densities from VLASS, and 9 GHz flux densities from R19. We stress that these SEDs are not measured instantaneously, but the observations at 3 and 9 GHz were obtained within ≈ 3 years, while the FIRST data were obtained about 3 − 21 years prior to the date of the 9 GHz observations, with a median time of ∼ 15 yr prior to the 9 GHz observations. We further note that while J0854−0240 is resolved into two distinct radio sources with a separation of 1.7 at 9 GHz in the R19 data, the source is blended in the FIRST and VLASS images; we therefore split the flux densities at 1.4 and 3 GHz for these two sources using the ratio of their fluxes at 9 GHz.
We fit each SED with a single power law, F ν ∝ ν α ; the resulting values of α are listed in Figure 2 and Table 1 . We find that most sources exhibit a negative spectral index above 1.4 GHz, with the exception of four sources (J0019+1507, J0134−0741, J1136+1252, J2359+1435) that have flat SEDs with α ≈ 0. We note, however, that for J1136+1252 the 1.4 GHz data were obtained about 15 years before the VLASS and R19 data. The median spectral index for the sample is ≈ −0.7, consistent with typical values for mJy-level radio sources (Condon et al. 2002) , as well as the expectation for LGRB afterglows at late-times (Granot & van der Horst 2014) . For the flat-spectrum sources we note that this is not typically observed for AGN, although a number of so-called GHz-peaked spectrum radio sources peaking above 5 GHz have been identified (Mingaliev et al. 2012; Callingham et al. 2017) .
We also compare the SEDs to that of the FRB 121102 persistent source, which is roughly flat at 1 − 6 GHz, and turns over to a power law with α ≈ −0.9 up to about 22 GHz ( Figure 2 ). This SED is overall consistent with the range of SEDs we find for the R19 sources. Finally, we note that in the case of J1419+3940, the spectral index evolves from α > 0.6 at peak to α ∼ −0.6 at late times, consistent with the median observed spectral index of the R19 sources.
Light Curves
We compile light curves at 1.4 GHz for the R19 sources using data from FIRST and NVSS (Figure 3 ). For four of the sources (J0106+0046, J1136+2643, J1200−0341, J1220+3020) we include additional archival VLA observations ( §2). We note that 3 of the sources (J0049−0242, J0854−0240a, J0854−0240b) are nominally detected in NVSS, but we cannot derive accurate flux densities due to confusion with nearby bright sources. For 13 of the 20 sources we find at least 2 detections, where 2 of the sources have 3 detections. For 2 sources we have early upper limits that provide useful constraints on for the 20 radio sources from R19 using flux densities from FIRST, VLASS, and R19 at 1.4, 3, and 9 GHz, respectively. We note that the data points at 3 and 9 GHz were obtained within ≈ 3 yr, while the FIRST data points span about 5 − 20 years prior to the 9 GHz observations. In each panel we also show for comparison the SED of the persistent radio source associated with FRB 121102, with an arbitrary flux scaling (grey points and lines). Dotted blue lines correspond to power-law fits, F ν ∝ ν α , with the best fit value of α listed in each panel.
flux evolution (i.e., rising flux), and for the remaining 4 sources we have non-constraining early upper limits that do not provide useful information about time evolution.
Among the 13 sources with more than a single epoch detection, the light curves exhibit a range of time evolution. We find that 4 of the light curves show evidence of rising, 6 exhibit a decline, and 3 are essentially flat. An additional 2 sources (J1136+2643 and J1220+3020) have useful upper limits at early times which indicate rising emission. We highlight the sources with strong evidence for time variability in Figure 3 . The 4 rising sources rise by about 20 − 90% on time baselines spanning 2 − 15 years. The 6 declining sources decline by about 20 − 40% over time baselines of about 4 − 18 years. Finally, the 3 sources with no clear evidence for time variability have baselines of about 5 − 14 years. We note that the difference in resolution between the NVSS and FIRST surveys (45 and 5 , respectively) may lead to flux variability at the level of ∼ 30% for extended sources as some of the emission may be resolved out in the FIRST images. From Reines et al. (2019) , 7 of the 20 sources are not designated as point sources as determined by the CASA IMFIT task and based on the resolution of the VLA 9 GHz observations (0.25 ). We identify 2 of these (J0903+4824 and J1253-0312) as showing evidence for time variability at the level of 30%. J1136+2643 and J1252-0312 are also not consistent with being point sources, but both exhibit flux variability at the level of 30%. The 3 remaining sources that are not consistent with being point sources (J0049-0242, J0854-0240a, and J2359+1435) have only single epoch detections and thus we cannot assess their variability.
Studies of the long-term radio variability of AGN suggest that flares typically last ∼ 2 − 3 yr (Hovatta et al. 2008; Nieppola et al. 2009 ). Given the sparse temporal coverage of each source, we cannot rule out evolution due to AGN variability. The persistent source associated with FRB 121102 does not show obvious evidence for flux evolution on a timescale of ≈ 1 yr, although variability at the 10% level is seen on day timescales, likely due to interstellar scintillation (Chatterjee et al. 2017) . Thus, the flux evolution that we observe for the R19 sources is at present consistent with the data for 
Spatial Offsets
R19 find that roughly half of the sources in their sample are offset from the optical host galaxy centers by 0.1 kpc. They attribute the offsets to velocity kicks following the merger or interaction between two black holes. This is possibly supported by the apparent correlation with how centrally concentrated the galaxies appear to be. In contrast, using precision astrometry from GAIA DR2 to constrain the photometric centers of galaxies, Shen et al. (2019) find that the majority (99%) of AGN at z ≈ 0.3 − 0.8 are well-centered to 1 kpc. As pointed out by Shen et al. (2019) this difference may arise from the fact that the R19 galaxies are less massive and therefore have shallower gravitational potentials. Furthermore, we note that the optical center is not well-defined in some cases where the host galaxies possess irregular morphologies.
In Figure 1 we show the offsets of the 20 R19 radio sources, the FRBs, PTF10ghi, and J1419+3940. We also plot the offset distribution of LGRBs (Blanchard et al. 2016 ) and SLSNe (Lunnan et al. 2015) . We find that for the R19 sample the overall range of offsets, and the median of Ravi et al. 2019) . Thus, in terms of spatial locations within their host galaxies, the R19 sources are consistent with the FRBs, PTF10hgi, and J1419+3940. However, we note that the host galaxies of FRBs 180924, 181112, and 190523 are generally more massive than the FRB 121102 host and the R19 sources, and thus we might expect a different offset distribution for these sources.
Finally, we note that the distribution of offsets for the R19 sources is largely consistent with the observed distributions for
LGRBs and SLSNe, for which the median offsets are 1.3 and 1 kpc, repsectively (Lunnan et al. 2015; Blanchard et al. 2016 ).
Ratio of Radio-to-Optical Flux
In Figure 4 , we plot the ratio of radio-to-optical flux densities for the R19 sources. We use a slightly modified version of this ratio than Padovani et al. (2009) , replacing the V -band flux Figure 4 : Histogram of radio to optical flux density ratios defined as R = log(F 1.4GHz /S r ) for the R19 sources (red) using the 1.4 GHz flux densities from FIRST and SDSS r-band magnitudes for the host galaxies. We also show the values for FRB 121102 (Tendulkar et al. 2017 ) and PTF10hgi (Eftekhari et al. 2019) . For J1419+2940, we plot a band corresponding to the range of radio fluxes observed over the 22 year duration of the light curve (Law et al. 2018) . For FRBs 180924, 181112, and 190523, we plot upper limits corresponding to their radio non-detections. density with the SDSS r-band, R ≡ log(F 1.4GHz /S r ). For the radio fluxes we use the 1.4 GHz data from FIRST. In each case, we correct the optical flux densities for Galactic extinction (Schlafly & Finkbeiner 2011; Barbary 2016) .
In general, we find that the combination of low-luminosity dwarf host galaxies and bright radio sources leads to R ≈ 0 − 2.2. In contrast, star forming galaxies have R 1.4 (Machalski & Condon 1999; Padovani et al. 2009 ), limited by the radio power of relativistic electrons in the interstellar medium. As argued already by R19, the inferred radio star formation rates (SFRs) significantly exceed the optical SFRs indicating that the radio emission is not due to star formation activity.
For FRB 121102, a bright persistent radio source coupled with a low-luminosity dwarf host leads to R ≈ 2 (Chatterjee et al. 2017) . Similarly, for J1419+3940, the range of radio luminosities observed over the 22 year duration of the light curve leads to R ≈ 0.9 − 2.4 (Law et al. 2018 ) and for PTF10hgi we find R ≈ 1.1 (Eftekhari et al. 2019) . The lower radio-tooptical flux ratios observed for some of the R19 sources may therefore reflect the older age of these systems relative to FRB 121102. We note that for the remaining well-localized events (FRBs 180924, 181112, and 190523) , limits on radio counterparts lead to limits on the radio-to-optical flux ratio that are consistent with the R19 sources for FRBs 181112 and 190523, while the limit for FRB 180924 lies below the distribution.
Thus, the distribution of radio-to-optical flux density ra-tios that we observe for the R19 sources is consistent with FRB 121102, J1419+3940, PTF10hgi, and 2 of the 3 additional well-localized FRBs.
MODELS

Off-Axis Jets from LGRBs
Here we explore the possibility that the R19 sources are due to initially off-axis LGRB jets that have decelerated and spread into our line of sight at late times (Rhoads 1997; Sari et al. 1999) . We use the minimum age of each source (based on detections in FIRST or NVSS) and compare the measured luminosities to the expectation for off-axis jet light curves; see Figure 5 . We generate radio light curves using the 2D relativistic hydrodynamical code BOXFIT v2 (van Eerten et al. 2012) for isotropic jet energies E iso = 10 53 and 10 54 erg, circumburst densities n = 1 and 10 cm −3 , and assuming an initial jet opening angle of θ j = 10 • . We further impose an observer viewing angle of θ obs = 60 • and microphysical parameters of e = 0.1, B = 0.01, and p = 2.2, as is typically observed in LGRBs (e.g., Curran et al. 2010; Laskar et al. 2013; Wang et al. 2015; Laskar et al. 2016; Alexander et al. 2017) . We find that these representative models generate radio luminosities comparable to at least some of the R19 sources at the inferred minimum timescales.
We also compare the luminosities and timescales of the R19 sources to the inferred afterglow model for J1419+3940, which Law et al. (2018) fit with E iso = 10 53 erg, n = 10 cm −3 , θ obs = 34 • , p = 2.2, e = 0.1, and B = 0.025. This model predicts a 9 GHz luminosity of ∼ 10 28 erg s −1 Hz −1 at ∼ 25 years (the median minimum age of the R19 sources), consistent with the median luminosity of the R19 sources.
We therefore conclude that off-axis LGRBs provide a viable explanation for at least some of the R19 sources given the luminosities and minimum age constraints. Continued monitoring to constrain the light curve evolution will better test this scenario.
Magnetar Nebula
We next analyze the R19 sources in the context of a magnetar nebula model invoked to explain the persistent radio source of FRB 121102, and potentially PTF10hgi and J1419+3940. Margalit & Metzger (2018) find that the properties of FRB 121102 can be explained in the context of a magnetized electron-ion nebula that is inflated behind the SN ejecta of a young magnetar. This model provides predictions for the radio synchrotron emission from the nebula for various input parameters such as the total magnetic energy, the nebula velocity, and the rate of energy input into the nebula. Here we refer to models A, B, and C from Margalit & Metzger (2018) , which correspond to unique model parameters and inferred source ages of t age,FRB121102 ≈ 12, 38, and 13 years, respectively. We refer the reader to the original paper for details of the models.
In Figure 6 we plot the SEDs and 9 GHz light curves for the three models, compared to the R19 sources. We find that Hz 1 ] J1419+3940 Eiso = 10 53 erg, n = 1 cm 3 Eiso = 10 53 erg, n = 10 cm 3 Eiso = 10 54 erg, n = 1 cm 3 Figure 5 : Representative off-axis LGRB afterglow models at 9 GHz for E iso = 10 53 and 10 54 erg, n = 1 and 10 cm −3 , and θ obs = 60 • . In each case, we assume e = 0.1, B = 0.01, and p = 2.2. Also shown is the model 9 GHz light curve of J1419+3940 using the best-fit parameters from Law et al. (2018) .
the observed luminosities and minimum ages are consistent with the models for FRB 121102, especially if these sources represent a somewhat older population. For example, in the SED panel of Figure 6 we find that the luminosities of the R19 sources are broadly consistent with the models if their ages are ∼ (1 − 3) × t age,FRB121102 , or equivalently ∼ 30 − 100 years. Similarly, in the light curve panel of Figure 6 we find that the luminosities and timescales are consistent with models A and C (with t age,FRB121102 ≈ 12 and 13 yr, respectively) but for older ages, while for model B the minimum ages are generally consistent with t age,FRB121102 ≈ 38 yr. Finally, we note that for older sources, the models predict that the flux will decay more slowly over the observed available baselines; thus, the observed shallow decays for some of the R19 sources are broadly consistent with the interpretation of 30 − 100 yr old sources.
We therefore conclude that a magnetar nebula model is consistent with the luminosities and minimum age constraints for the R19 radio sources. Still, a better determination of their SEDs and light curve evolution are required to make a firm connection to this model.
OCCURENCE RATES
We briefly compare the rate of compact radio sources in dwarf galaxies based on the sample of R19 to the FRB source density. In R19, the parent sample included 43,707 dwarf galaxies. Their observational efficiency was 0.75, since 37 sources in their initial target selection of 148 were not observed. Thus, given 20 compact radio sources detected, their detection rate in the parent sample is ∼ 5 × 10 −4 .
From the analysis of Nicholl et al. (2017) the estimated comoving volume density of repeating FRB-producing magnetar sources is R FRB τ = 10 4 Gpc −3 (for a mean lifetime, τ , and assuming that 10% are beamed in our direction and that the active duty cycle is 30%). Given a dwarf galaxy number density of ≈ 3 × 10 7 Gpc −3 (Faber et al. 2007) , the occurrence rate is ∼ 3 × 10 −4 . Thus, the occurrence rate of the R19 sources is comparable to that of repeating FRBs. There are clearly uncertainties in both estimates of at least a factor of few, including the fact that not all FRBs have been shown to reside in dwarf galaxies (Bannister et al. 2019; Prochaska et al. 2019; Ravi et al. 2019 ), but the broad consistency indicates that the scenario proposed here is viable.
We further make the comparison to the expectation for LGRBs given the observed agreement between the afterglow models and the luminosities of the R19 sources ( §4.1). We use the observed rate from Wanderman & Piran (2010) , R LGRB (z) = 1.3(1 + z) 2.1 Gpc −3 yr −1 , integrated to z = 0.055, and with a beaming factor of 50 to find an expected all-sky rate of ≈ 4 yr −1 . In the specific comparison to the R19 sample, the mean minimum age is 25 years and the sky coverage is about 1/4, leading to an expected ∼ 25 LGRBs, which is in good agreement with the 20 observed sources and the R19 observational efficiency of 0.75.
CONCLUSIONS AND FUTURE OBSERVATIONS
We compared the properties of 20 compact radio sources located in dwarf galaxies and offset from the host centers to the properties of the persistent radio sources associated with FRB 121102, a few well-localized FRBs with non-detected persistent radio sources, PTF10hgi, and J1419+3940. R19 argued that these sources are inconsistent with a star formation origin, normal SN remnants, and normal radio SNe, and instead conclude that they represent accreting massive black holes that have wandered from their galaxy centers. Here we find that:
• The radio luminosities of the R19 sources (∼ 5 × 10 26 − 10 29 erg s −1 Hz −1 ) are comparable to the FRB 121102 persistent radio source, and our other comparison sources. Their generally lower luminosities compared to FRB 121102 may be attributed to their older ages.
• The majority of the R19 sources exhibit optically thin spectra between 1 and 9 GHz (a mean spectral index of α ≈ −0.7), consistent with the observed SED of the FRB 121102 persistent source, as well as the late-time spectra of LGRB afterglows. Four of the 20 sources exhibit flat spectra with α ≈ 0.
• Figure 6 : Left: Spectral energy distributions for the magnetized electron-ion nebula model invoked to explain the FRB 121102 persistent radio source (Margalit & Metzger 2018) with the compact radio sources at 9 GHz (red points) plotted for comparison. The red, blue, and yellow curves correspond to models A, B, and C from Margalit & Metzger (2018) , and the solid, dashed, and dotted curves depict the SED at the observed epoch t age , t age /3, and 3t age , respectively. Right: Light curves at 9 GHz for each model as before. Vertical dashed lines correspond to the presumed age of the FRB 121102 persistent source for each model. A minimum age constraint for each source is based on a detection in either NVSS or FIRST. The observed luminosities and range of timescales for the compact radio sources are consistent with the models for the FRB 121102 persistent radio source.
remaining sources lack sufficient data for characterizing the temporal flux evolution. Given the relatively recent discovery of FRB 121102, the long-term evolution of its persistent radio emission has not yet been characterized; however, if these sources are older than FRB 121102, we expect them to evolve over much longer timescales.
• The distribution of spatial offsets for the R19 sources is consistent with the observed offsets for FRB 121102, the other well-localized FRBs, PTF10hgi, and J1419+3940. Similarly, the range of offsets is largely consistent with the observed distributions for LGRBs and SLSNe.
• The R19 sources span radio-to-optical flux ratios of R ≈ 0 − 2.2. While some of the sources are therefore consistent with the observed ratio of 2 for FRB 121102, the lower ratios in the other cases may be indicative of a somewhat older population relative to FRB 121102. This is further borne out by the consistency with the range of ratios for J1419+3940 over the 22 year duration of its light curve.
• The luminosities and minimum ages of the R19 sources are consistent with the expectation for off-axis LGRBs, as well as the light curve of J1419+3940, which has been argued to be powered by an orphan LGRB afterglow or a magnetar nebula.
• The luminosities and minimum ages of the R19 sources are consistent with a model of a magnetized electron-ion nebula invoked to explain FRB 121102. The generally lower luminosities relative to FRB 121102 may point to somewhat older ages of ∼ 30 − 100 years.
• The occurrence rate of compact offset radio sources in dwarf galaxies implied by the R19 sample (∼ 5 × 10 −4 ) is consistent with the inferred repeating FRB source density as well as the number of expected LGRB offaxis afterglows.
We thus find that based on the available data the R19 sources are consistent with sharing a common origin with FRB 121102, and perhaps PTF10hgi and J1419+3940. To test this association more robustly we require a simultaneous determination of the radio SEDs and time evolution. Within the magnetar nebula framework we expect a correlation between the SED shape and time evolution ( Figure 6 ). In addition, continued monitoring will better constrain the source variability, particularly in comparison to AGN variability; this can be probed both in the radio (e.g., Valtaoja et al. 1992; Türler et al. 2000; Lindfors et al. 2006) as well as in the optical regime, where the long-term optical variability has been successfully used to identify AGN in low-mass galaxies (Baldassare et al. 2018;  although we note that the bulk of these galaxies are spectroscopically identified as AGN, unlike the R19 sources discussed here).
As discussed in R19, X-ray detections would help to confirm the AGN nature of these sources (Baldassare et al. 2017 ), but even non-detections cannot definitively rule out the presence of low-luminosity, radio-loud AGN (Mauch & Sadler 2007) . Indeed, five such sources were discovered on the basis of their radio emission (Park et al. 2016) , although in more massive galaxies (∼ 10 10 M ) than those in the R19 sample.
Finally, VLBI observations can be used to further constrain the physical scale of these sources and to search for scintillation-induced variability, which is only expected in the magnetar nebulae scenario. Similarly, high resolution optical imaging with the Hubble Space Telescope will allow for a more careful assessment of the host galaxy properties at the locations of the radio sources, particularly in regards to regions of high star formation, which would be indicative of magnetar/LGRB progenitors (Fruchter et al. 2006 ). 
